Abstract: This paper presents an experimental study conducted to characterize the effect of corrosion and sustained load on structural behavior of reinforced concrete (RC) beam. The effects of loading level on corrosion of reinforcing steel, the flexural deflection and residual loading capacity of the test beams were investigated. In the first scenario, two non-corroded beams were tested to determine the maximum load levels that were required by the beams to reach their deflection limits and that were also tested for the sustained levels of the applied loads. For the second experiment, the corrosion was accelerated through the application of external direct current whilst the beams were under the load equivalent to 0%, 50%, 65% and 80% of the ultimate load.
Introduction
Reinforcement corrosion is one of the major causes for structural deterioration of reinforced concrete bridges [1, 2] . The mechanical performance, residual strength, the frequency of use, maintenance, and service life of these structures with corroding reinforcements should be fully understood for the economic and robust design and construction.
Several experimental studies have been carried previously on the corrosion of reinforcement in reinforced concrete dealing with various issues which included corrosion process, its initiation, damaging effects of corrosion, and the prediction of time-to cover cracking of concrete due to corrosion [3] [4] [5] [6] [7] . These studies have found that the bond stiffness increases with corrosion up to a certain level of reinforcement corrosion, but with further increase in corrosion, the bond stiffness progressively decreases. However, previous studies were carried out in such a way that the reinforcements in concrete beams were first corroded to an expected extent, before the concrete beams were loaded to failure to assess the variation of their mechanical behaviour due to corrosion.
These concrete beams were subjected to a separate loading test and reinforcement corrosion.
However, the corrosion of reinforcement occurs simultaneously with the applied loads in the real practice; the previous studies have only considered it separately.
Heavy loading is now one of the common ways to maximize the benefits in China. However, the heavy load results in the emergence of cracks within the concrete surface causing the stiffness to reduce of the cracked section. Thus, the deflection limit of the beam is reached earlier than under the normal loading conditions and would cause the beam to no longer satisfy the requirements for its serviceability limits. The AASHTO road test result [8] also indicates that if the axle load increases twice, the damage to the road could be 16 times higher. The engineering practice shows that although the accidental heavy load does not necessarily cause significant structural damage on bridge, but effect of repeated heavy load would cause the damage of bridge aggravated, which increases the failure risk of structures, and improve the cost of maintenance.
Recently, the effects of load and corrosion on the structural performance have been reported [9] [10] [11] [12] [13] , these investigations are mainly focused on the behavior of concrete beam at its corrosion propagation, surface cracks, instead of ductility, ultimate strength, and the relationship between loading and corrosion. In addition, the investigations for the simulation of reinforcement corrosion are mainly focus on the middle span [9] [10] [11] [12] [13] , and the effect of shear reinforcement corrosion were ignored, and the level of sustained loads applied on the beams was only about 8% and 12% of beam ultimate capacity [11] [12] , which are smaller than that in actual structures. Malumbela at al. [11] have however shown that for beams that are corroded whilst under a sustained load, after a certain level of corrosion, the stiffness of the beams become degressive with a continued increase in the level of corrosion. However, it does not show the model which can be used to calculate the deflection of corroded RC beams.
This paper presents the results of experiments conducted to investigate the structural behavior of reinforced concrete beams subjected to simultaneous sustained load and reinforcement corrosion. Investigation on deflection, residual capacity, and ductility rate of an RC beam is also carried out. The corrosion of different regions of an RC beam is also compared and theoretical model of the flexural stiffness is proposed.
Experimental program
The experimental program consists of three parts: a. test program; b. data collection and analys is and c. formula derivation and model examination. The complete methodology has been shown in Fig. 1 Fig . 1 The work sequence
Beam specimen and material properties
Twelve reinforced concrete beams with a dimens ion of 150*250*2000mm were tested in this program. The reinforcement details of the beams are shown in Fig. 1 . Each beam was reinforced with two 22mm deformed bars in tension, and two 10 mm plain bars in compression. The concrete cover is 30 mm. and 10mm stirrups with a space of 100 mm within the shear span. There are no stirrups in the middle span. The stirrups were wrapped by epoxy resin to avoid corrosion.
Section AA Section BB The concrete was designed to yield a 28 days compressive strength of 40MPa. The water cement ratio was 0.42 and the maximum aggregate size of the concrete was 20mm. The fine aggregate was the sand that the fineness modulus was 2.8, quality of the concrete mix ratio equal to w(cement): w(sand) : w(pebble): w(water) was 1:1.42:3.15:0.42. The compressive strengths, elastic modulus of the beams, the yield strength, and ultimate strength of the steel were shown in Table 1 . 
Testing program
In the previous studies, the levels of sustained loading applied on the beam were usually smaller than the actual loading. However, in order to investigate the mechanical properties of the RC beam under normal state, there is a need of determination of the sustenance level of the beam for the applied load. The first experiment was designed to test the strength and deflection of two concrete beams only for loading levels without being tested for corrosion with the chloride penetration. The testing was conducted using the testing Rig 3 under the displacement control. The flexural behavior of RC beam consists of three distinct stages: in first stage, the majority of applied stress on the beam is balanced by the concrete and not by the steel bars. Also, there are no cracks on the surface of the concrete and the stress level is much lower as compared with the normal state. In the second stage, the applied tensile stress on the concrete is more than the tensile strength of concrete itself and therefore, the concrete cracks due to the increased tension. It is well known that the maximum deflection limit is l/600 mm, which is considered appropriate for the RC beams [14] . Therefore, the loading level for the normal state was chosen to be 50% of the ultimate load and that 50% corresponds to a deflection of 3mm. The loading setup for the conducted experiment is shown in The specimens were divided into five groups: the first group was without the loading; the second simulated the normal state; the third simulated the heavy load I state; the forth simulated the heavy load II state; the fifth simulated coupling time influence on the RC beam. All the concrete beams were cured in a water tank for 15 days, before they were subjected to sustained load. The beams were placed in the water tank which was filled with a 5% solution of NaCl, and the beams were separately subjected to sustained load equivalent to 0%, 50%, 65%, and 80% of the ultimate capacity of a virgin beam. The load was measured and monitored using a load cell that was positioned between the screw block and the loading beam. The load cell was connected to a data logger to monitor the applied load so that the load could be adjusted to the target level once the load decreased, as illustrated in Loading rig The DC power supply was applied to accelerate the corrosion process to obtain the desirable corrosion level. The tensile steel bar and the stainless steel bar were connected to the DC power supply. The maximum voltage used in the test was 25V, and the maximum current was 2.5A. In the circuit, theφ22 reinforcing bars in a concrete beam lost electron acted as anode, the stainless plate gained electrons which was transformed from the steel served as cathode. The amount of charge which passed through the steel was calculated by the Faraday's Law. The time of corrosion was determined to attain desirable level of corrosion of the tensile steel bars in the concrete beams.
Measurement of steel corrosion rate
The steel was immersed into 2.5% hydrochloric acid solution for 30mins, and then the specimens were taken away from the acid solution, washed in water to remove the acid and dried by a dryer. The steel was cut into specimens of 200mm, and weighed on an electronic scale. The mass of the specimens would be as the initial mass. At the end of the residual capacity test, the corroded steel bars were removed from the test beams. The steel wire brush was used to remove the rust that was on the surface of the steel and then the specimens were weighed in the similar way as described above. The corrosion rate was determined corresponding to the level of sustained load, and the speed of corrosion was accelerated with increasing load. The corrosion rate for the loading I was 50%
higher than that for normal state, and the corrosion rate for loading II was 74% higher than that under loading I. The corrosion rate increased with the increase of load levels. In the actual engineering conditions, most concrete structures consist of cracks, and the open cracks provide the channel for oxygen and moisture and the steel gets corroded further. The increased loads lead to the further increment in crack width and the number of the cracks also increases, resulting in more severe corrosion loss. Hence, the load has a significant impact on corrosion speed. The middle span of the beam suffered more cracks than the other sections of the beam; hence the rate of corrosion was also larger than other sections of the test beam. The corrosion modalities of tensile under different load levels were given in Fig.7 . It is clear to observe in Fig.8 that the extent of corrosion or the modality of corrosion of the beams was affected by load. Previous studies suggested that local corrosion usually occurred in the natural environment, and general corrosion occurred in accelerate corrosion. However, the general corrosion and local corrosion occurred simultaneously under sustained load. Hence, the corrosion shape was changed by the loading. 
Structural performance under loading and corrosion
As shown in Fig.8 , the structural performance of reinforced concrete beams under simultaneous loading and corrosion can still be divided into three different stages. This is similar with a lot of published work mentioned earlier on corroded beams. But the slope of the curve decreased with increasing loading levels. The result of CL80-15-2 indicated that the flexural capacity suddenly decreased and the steel reached the yield stage, whilst the concrete in the compression zone was not crushed. 110.3kN, 102.6kN, 92kN, and 114kN respectively. These results indicated that the increment of deflections under the heavy load state was significantly faster than that under normal state, and the growth rate was corresponding to the increment of the loading levels. The reason for this phenomenon is that the oxide film on the surface of steel was destroyed by the erosion of chloride ions, as a result, damaged surface and undamaged surface became the cathode and anode of electrochemical reaction, respectively. Since, the area of anode was larger than the cathode, the density of anode current was also larger, hence the corrosion of reinforced cross-section further increased. The effective area of steel decreased, and the extent of corrosion under heavy loading state were more severe than the normal state, therefore, the flexural stiffness of beams t under higher load was lower.
In the later working stage of RC beams, the yield load significantly decreased. The ductility rate was defined as the vertical displacement of yield-to-destruction ratio. Fig.9 shows the corrosion rate and the ductility rate of the test beams. The ductility ratio of CL65-10 and CL80-10 was 2.4% and 13.15% lower than the CL50-10 specimen, respectively and the deduction of ductility performance of RC beams was significantly induced by sustained loading and reinforcement corrosion. This was attributed to decrease in the diameter of ribbed bar under reinforcement corrosion, which decreased the bond force between steel and concrete. For the beam CL80-15-2, the under-reinforced beam of brittle failure replace the antic ipated ductile flexural failure. The reduction in ductility of corroded reinforcement and non-uniform corrosion along the length of a corroded bar [13] . In practice, the engineering structures with corroding reinforcements are still being used and playing important role in our society. Hence, the corroded structures that are still being used should be inspected regularly with their residual strength to avoid catastrophic accidents. Fig.9 Ductility ratio vs. corrosion rate Table. 3 also shows that the reduction of ultimate strength of corroded beams varied not only with the amount of corrosion, but also with the load level which was applied on the RC beams.
Residual flexural capacity
The flexural ultimate capacity of beams under normal state was accounted for 92.1% of the reference beam. When the beams were applied on the 65% of the virgin beam ultimate capacity, the flexural ultimate capacity decreased to 87.5% of the reference beam. For the beams which were with 80% of ultimate strength and corrosion for 10 days, their ultimate strengths decreased about 17.3%. For the beams with 80% of ultimate strength and corrosion for 15 days, the ultimate strength was reduced by 23.3%. The reason behind this is that corrosion is not uniformly distributed in the beam and the load also has a significant effect on the reduction of ultimate strength. For the CL00 and CL50 beams, since the cracks width occurred are within or nearby their mid-span, and the number of cracks was few, the corrosion loss was low, hence, the reduction of ultimate strength was not evidently. For the CL65 and CL80 beams, however, since the severe corrosion took place in the mid-spans, the smallest residual section of their tensile bars likely coincided with the position of their maximum bending moment. As a result, a large reduction in their ultimate strength was induced. For the CL80-15-2 beam, since the corrosion of tensile bar occurred asymmetrically along the length, with the maximum corrosion occurred in the shear moment. This may lead to decrease in friction between the concrete and tensile bar, once the friction decreases below the tensile, a sudden collapse is likely to happen without any significant signs of warnings.
As a brief summary, the magnitude of the reduction of beam capacity depend on the amount of reinforcement corrosion, the position where the corrosion takes place, and the distribution of bending moment of the beam under sustained loads. To estimate the ultimate capacity, the distribution of corrosion properties and should be taken into account. 
Theoretical method of calculating the flexural stiffness

Relation of strain compatibility
The compatibility of strain between steel bar and concrete was changed by the expansive corrosion products which were similar for all corroded RC beams. The strain of steel bars lagged behind concrete strain which was due to the corrosion, hence, the function of strain coordination was defined as follows: By comparing the fitting degree index, the polynomial fitting curve matched the test datum best with the highest correlation coefficient. Hence, the polynomial regression was used to be the expression of the load and corrosion rate.
The strain coefficient between steel and concrete can therefore be presented in terms of the loading as follows: 
The flexural stiffness of corroded RC beam
Previous studies [17] [18] [19] were mainly focused on the pure bending of concrete beam and ignored the contribution of shear moment regions to the stiffness. Fig. 11 shows the section stiffness and sectional curvature of RC beam. The number 1 curve is the section curvature which is used in previous stiffness calculated formula, and the number 2 curve is the section curvature that considers the shear moment regions. The shaded area in Fig.11(b) was ignored when the previous method was used to calculate flexural stiffness. Hence, the calculation result was higher than actual stiffness. In order to make the calculated results more accurate, the stiffness of shear moment regions need to be considered. The non-uniform coefficient of steel bar can be adjusted by the binding coefficient
where '  expresses the non-uniform coefficient after corrosion;  is the non-uniform coefficient before corrosion. 
2) Constitutive equations
The constitutive equations of concrete and steel are: (13) 
The local corrosion and uniform corrosion occurred simultaneously due to the presence of transverse cracks under the sustained loading. Although the pits were numerous, the depths of pits were shallow which turned the rate of section corrosion into the rate of region corrosion, maintaining the calculation accuracy. In conclusion, when the rate of corrosion was less than 3% and the form of pitting was not significant. The influence of pitting can be ignored when the flexural stiffness of corroded RC beam is calculated. Fig 13 shows the measured deflection at the middle span of beams. Also presented in the figure is the variation of theoretical deflection of different model. The theoretical curves obtained from the theoretical model fitted well with experimental curves; however the curves obtained from Xing' model ignored the contribution of tensile bars when sectional moment of inertia was calculated. Thus, the calculated stiffness becomes too large due to not considering the influence of the margin tensile reinforcement. 
Conclusions
Based on the experimental results from the tests, the following conclusions can be drawn: 1. The corrosion rate of loading I was 50% higher than the corrosion rate of normal state, and the corrosion rate of loading II was 74% higher than the corrosion rate of theloading I. Hence, the sustained load accelerated the corrosion of steel bars. Thus, an attention should be paid to the case where the corrosion of steel takes place, and how to monitor the geometric properties of corrosion pit along the tensile bar. 
